Introduction {#Sec1}
============

Myelination ensures that action potentials are propagated along axons effectively. The initial contact between the central nervous system (CNS) myelin-forming oligodendrocytes and axons they ensheath, occurs at paranodal regions, which flank the node of Ranvier where voltage-gated sodium channels (Na~v~) are enriched^[@CR1]^. Establishment of the node is essential so that action potentials are propagated swiftly along axons by means of saltatory conduction. Proteins enriched at paranodal regions such as contactin-1 and contactin-associated protein (Caspr), play an important role in establishing the dynamic and reciprocal relationship, from structural and functional perspectives, between the myelin extension of the mature oligodendrocyte and the axons it ensheaths, defined as the axo-glial units (for review, see refs [@CR2], [@CR3]). Mice deficient in the gene (*cntnap1*) encoding Caspr exhibit abnormal formation of CNS nodes and this molecular architectural change may lead to reduction in conduction velocities (CVs) measured from compound action potentials (CAPs)^[@CR4]^. Therefore, any ultra-structural change occurring at the paranode may influence electrophysiological properties of CNS axons.

Nogo receptor 1 (NgR1) is well-known for its inhibitory role of neurite outgrowth in the context of either CNS injury^[@CR5],\ [@CR6]^ or disease^[@CR7]--[@CR9]^. NgR1 can exert neuronal signalling upon interaction of its putative ligands such as Nogo-A, myelin-associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (OMgp) or chondroitin sulphate proteoglycan (CSPG) (for review, see ref. [@CR10]). It therefore stands to reason, that blocking NgR1-mediated signalling during CNS injury (and recently posited for disease, for review, see refs [@CR11]--[@CR14]) has been regarded as a promising therapeutic strategy. However, reports suggest that NgR1 may also play a critical role in neural plasticity, highlighting that anti-NgR1 targeted therapeutics must be carefully designed to limit potential off-target effects that may include cognitive function. The dependency on functional NgR1 in synaptic activity prompted us to investigate whether this holds true for axo-glial interactions, primarily focused at the paranodal regions where fundamental axon-myelin integrity is attributable to normal saltatory conduction^[@CR15]^.

We have recently shown that preservation of myelin and axons are a common finding in the spinal cord and optic nerve white matter of *ngr1* ^−/−^ mice following experimental autoimmune encephalomyelitis (EAE)-induction^[@CR9]^. Although we have identified that the reduction in Nogo-A signalling in *ngr1* ^−/−^ mice is a primary cause of neuroprotection during EAE, one cannot discount that there can be ultrastructural differences between *ngr1* ^−/−^ and *ngr1* ^+/+^ mice, with possible advantages during neuroinflammation. This concept is brought into focus when we interpret recent data that illustrate potentiated neuroplasticity in *ngr1* ^−/−^ mice^[@CR15]--[@CR18]^ or enhanced remyelination following NgR1 antagonism in a stroke model^[@CR19]^. The balance between plasticity and stability has also been identified through the generation or loss of Nogo-A-dependent strong dendritic synapses^[@CR20]^. Such anatomical and physiological axo-dendritic modifications inevitably confer behavioural differences in *ngr1* ^−/−^ mice when compared to their wild type littermates^[@CR21]^. However, no investigation to-date has reported similar changes in axon-myelin interactions throughout the CNS. Therefore, we have analysed the molecular organisation of axo-glial units in the CNS of the adult *ngr1* ^−/−^ mice, to ascertain whether these mice exhibit ultrastructural differences that compensate under inflammatory infiltration.

Here we report ultrastructural differences of CNS axo-glial units of adult *ngr1* ^−/−^ compared to *ngr1* ^+/+^ littermates. Firstly, both axonal diameter and myelin thickness were found to be thinner in *ngr1* ^−/−^ mice. Secondly, both paranodal and nodal lengths of *ngr1* ^−/−^ mice were elongated. Disorganisation of paranodal loops in *ngr1* ^−/−^ mice was corroborated by altered paranodal molecular domains without axonal disruption. These ultrastructural changes were attributed to alterations in the molecular organisation of the paranodal proteins that interact with the integral junctional protein, Caspr. Moreover, we found delayed and reduced CAPs in the CNS of *ngr1* ^−/−^ mice when compared with *ngr1* ^+/+^ littermate mice. The data may suggest that in *ngr1* ^−/−^ mice there exist an altered axo-glial architecture and that this may be related to Caspr distribution that is NgR1-dependent.

Results {#Sec2}
=======

Axo-glial junctions and myelin in the CNS of adult *ngr1*^−/−^ mice are unstructured in CNS major white matter tracts {#Sec3}
---------------------------------------------------------------------------------------------------------------------

We specifically analysed the descending myelinated fibres of dorsolateral white matter in the thoracic-cervical (C8-T1 part of the spinal cord) and lumbosacral (L5-S1 part of the spinal cord) spinal cord (TCSC and LSSC) in naïve wild type and *ngr1* ^−/−^ mice (Fig. [1](#Fig1){ref-type="fig"}). We prepared longitudinal ultra-thin sections (100 nm) from the dorsolateral white matter in LSSC and TCSC, as well as the optic nerve, (a CNS white matter area where neuroinflammation occurs readily during EAE and MS), for transmission electron microscopy (TEM) (Fig. [1](#Fig1){ref-type="fig"}). The ultrastructure of nodal and paranodal regions (pseudo-coloured to blue in *ngr1* ^+/+^ and to red in *ngr1* ^−/−^) was examined and the ratios of paranodal and nodal widths along with axon diameters were quantified (Fig. [1A--J](#Fig1){ref-type="fig"}). As axonal diameter has been shown to regulate the structure of axo-glial units, including the paranodal length^[@CR22]^, we examined the ratio of paranodal length to axon diameter, and found that it was increased in all three CNS white matter regions of *ngr1* ^−/−^ compared to *ngr1* ^+/+^ mice (Fig. [1H and J](#Fig1){ref-type="fig"}). Furthermore, the ratios generated between nodal lengths and axon diameters were increased in optic nerves and TCSC (an increased trend was also observed for the LSSC, though not statistically significant; Fig. [1G and I](#Fig1){ref-type="fig"}).Figure 1Axo-myelin ultrastructure in *ngr1* ^−/−^ optic nerves and spinal cords. (**A**--**F**) Representative EM images of longitudinal sections of (**A**,**B**) optic nerve (ON), (**C**,**D**) dorsolateral white matter LSSC, and (**E**,**F**) TCSC from *ngr1* ^+/+^ and *ngr1* ^−/−^ mice showed elongated paranodes in *ngr1* ^−/−^ (pseudo-coloured in red) compared to *ngr1* ^+/+^ (pseudo-coloured in blue) (scale bar = 1 μm). (**G**--**J**) The ratio between nodal length and axon diameter in (**G**) ON and (**I**) TCSC. (**I**--**J**) The ratio between paranodal length and axon diameter of (**I**) ON, (**J**) LSSC, and TCSC of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice. (**K**--**P**) High magnification EM images of (**K**,**L**) ON, (**M**,**N**) LSSC, and (**O**,**P**) TCSC longitudinal sections showed a dysregulated formation of paranodal segments in *ngr1* ^−/−^ mice (scale bar = 1 μm). (**Q**,**S**) Total number of paranodal loops of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice. (**S**,**T**) The ratio between number of paranodal loops that are in contact with the axolemma and total number of loops of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice. (**U**,**V**) High magnification EM images of internodal regions of the LSSC showed a lack of intraperiodic lines (yellow arrowhead), and evident intramyelinic vacuoles (yellow asterisk) in *ngr1* ^−/−^ mice (scale bar = 100 nm). (**W**) The ratio between intensity of uranyl acetate (myelin sheath) and the area of myelin sheath (\**P* \< 0.05, \*\**P* \< 0.01 \*\*\**P* \< 0.001, \*\*\*\**P* \< 0.0001, *n* = 8 for both genotypes).

An in-depth analysis of the paranodal regions revealed a 'disorganised layering' pattern of paranodal loops in the CNS sections from *ngr1* ^−/−^ compared to *ngr1* ^+/+^ mice (Fig. [1K--T](#Fig1){ref-type="fig"}). We counted the total number of loops, and the number of paranodal loops not in contact with the axolemma and found that the total number of paranodal loops per one paranode, along with the fraction of the loops contacting the axolemma were considerably higher in *ngr1* ^−/−^ when compared with *ngr1* ^+/+^ mice (Fig. [1Q--T](#Fig1){ref-type="fig"}). Moreover, obvious gaps between the intraperiodic lines of myelin sheaths in the spinal cords of *ngr1* ^−/−^ compared to tightly compacted myelin sheaths were observed in the *ngr1* ^+/+^ mice (Fig. [1U and V](#Fig1){ref-type="fig"}). Quantification of the compactness of myelination through measurement of the intensity of uranyl acetate staining showed intramyelinic vacuolisation within the myelin sheaths of descending spinal cord white matter fibres from *ngr1* ^−/−^ mice (Fig. [1W](#Fig1){ref-type="fig"}). These data indicate that myelination is incomplete in the CNS of *ngr1* ^−/−^ mice due to inappropriate formation of the paranode and a lack of compaction.

Axonal neurofilament spacing has been shown to have an impact on axon diameter^[@CR23]^. Therefore, we measured distance between neurofilaments of axons from LSSC of the *ngr1* ^+/+^ and *ngr1* ^−/−^ mice, however, we found no differences of neurofilament spacing between *ngr1* ^+/+^ and *ngr1* ^−/−^ mice (Fig. [S1](#MOESM1){ref-type="media"}). These results indicate that NgR1 controls axon diameter developmentally without altering neurofilament spacing. Although abnormal paranodal ultra-structure may be evident in the CNS of *ngr1* ^−/−^ mice, the axons were intact and we could not detect any differences in the organisation of neurofilaments nor distance between neighbouring neurofilaments of myelinated axons of spinal cords (Fig. [S1](#MOESM1){ref-type="media"})^[@CR24]^.

Thinner axons and myelin sheaths in the CNS of *ngr1*^−/−^ mice {#Sec4}
---------------------------------------------------------------

Since we identified that there exist substantial differences within the organisation of myelin in the *ngr1* ^−/−^ CNS with regards to paranodal junctions and myelin compaction, we hypothesised that the thickness of the myelin sheaths may also be reduced. To examine this directly, we prepared transverse sections of dorsolateral white matter regions of TCSC, LSSC and optic nerve for TEM analysis (Fig. [2](#Fig2){ref-type="fig"}). We measured the axon diameter and fibre diameter (axon with myelin) to determine the *g* ratio, and found that it was substantially elevated in *ngr1* ^−/−^ compared to *ngr1* ^+/+^ spinal cords and optic nerves (Fig. [2](#Fig2){ref-type="fig"}). While this resulted from thinner myelin relative to the axon diameter, we also observed a larger number of small diameter axons in *ngr1* ^−/−^ compared to *ngr1* ^+/+^ mice (Fig. [2J--L](#Fig2){ref-type="fig"}). As the axon diameter is intimately linked to myelin thickness^[@CR25]^, our findings suggest that reduced axon diameter in the CNS of *ngr1* ^−/−^ mice may be related to the incomplete myelination.Figure 2Thinner axon diameter and myelin thickness in *ngr1* ^−/−^ mice. (**A**--**F**) EM images of ON (**A**,**B**), dorsolateral white matter of LSSC (**C**,**D**), and TCSC (**E**,**F**) cross sections of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice (scale bar = 1 μm). (**G**--**I**) Scatter plots display *g* ratios of individual myelinated axons as a function of the respective axon size and the linear regression of the *g* ratio measurements for each genotype is shown for the three CNS areas. (**J**--**L**) The percentage of myelinated axons with respect to axon diameter at 0.25 μm intervals for the three CNS areas. (**M**,**N**) The mean *g* ratios of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice (\*\*P \< 0.01, \*\*\*\**P* \< 0.0001, *n* = 8 for both genotypes).

Altered myelin ultrastructure is associated with increased Caspr distribution in the CNS of *ngr1*^−/−^ mice {#Sec5}
------------------------------------------------------------------------------------------------------------

The ultrastructural changes in the axo-glial units within the CNS of *ngr1* ^−/−^ mice prompted our investigation for potential modifications to integral paranodal adhesion molecules. We performed immunolabelling analyses for Caspr (to stain the paranode), voltage-gated potassium channel type 1.2 (K~v~1.2) (to stain the juxtaparanode) and fluoromyelin (to stain the internode). In keeping with the TEM analysis, we demonstrated an increased length of the Caspr-positive paranodes measured in both the LSSC and TCSC in *ngr1* ^−/−^ when compared to *ngr1* ^+/+^ littermate mice (Fig. [3A and B](#Fig3){ref-type="fig"}). Although there is a substantial lengthening of paranodal Caspr, unlike paranodal mutant models such as the *cntnap1* mutant mice^[@CR4],\ [@CR26]^, we could not detect an altered distribution of the juxtaparanodal K~v~1.2 or the sodium channel using pan-Na~v~ staining (Fig. [3A,C and D](#Fig3){ref-type="fig"}).Figure 3Increased levels of cleaved form of Caspr in *ngr1* ^−/−^ spinal cord lysates. (**A**,**B**) Immunofluorescent images of dorsolateral white matter of LSSCs showed longer Caspr + paranodal length in *ngr1* ^−/−^ mice. (**A**) Myelin was identified with fluoromyelin, paranodes were identified with Caspr, and juxtaparanodes were identified with K~v~1.2 (scale bar = 10 μm). (**B**) The ratio between Caspr length and diameter (\*\*\*\**P* \< 0.0001, *n* = 4 for both genotypes). (**C**--**F**) Western blot of purified myelin of LSSCs from *ngr1* ^+/+^ and *ngr1* ^−/−^ mice showing an increased cleaved form of Caspr (\~45 kDa) in *ngr1* ^−/−^ and unaltered Nogo-A levels between *ngr1* ^+/+^ and *ngr1* ^−/−^ (MOG served as a loading control). (**C**) Representative immunoblots for Caspr, Nogo-A, and MOG of purified myelin. (**D--** **F**) Densitometric quantification of (**D**) full-length Caspr (FL-Caspr); (**E**) 45 kDa degradation product of Caspr; (**F**) Nogo-A and MOG (Mean ± SEM, \**P* \< 0.05, *n* = 3 for both genotypes). (**G**) Immunofluorescent images of dorsolateral white matter of LSSCs of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice showed different Nogo-A localisation at the axo-glial junction. The intensity profile of immunostaining showed distinct co-localisation of paranodal Caspr and Nogo-A in *ngr1* ^−/−^ whereas punctate but constant Nogo-A immunostaining throughout the axo-glial units and internodes in *ngr1* ^+/+^ (scale bar = 10 μm).

Since ultrastructural difference exists in the CNS myelin of *ngr1* ^−/−^ mice that correlate with decreases in the composition of integral axo-glial proteins, we hypothesised that the defect in the *ngr1* allele, would act to modify the metabolically active myelin membrane. For this, we prepared myelin fractions of naïve LSSCs from both *ngr1* ^+/+^ and *ngr1* ^−/−^ mice, then performed western blot analysis to identify myelin and axo-glial proteins in their bound or modified state. Although the expression level of full-length Caspr did not differ between *ngr1* ^+/+^ and *ngr1* ^−/−^ CNS myelin, a cleaved product of Caspr was increased in *ngr1* ^−/−^ compared with *ngr1* ^+/+^ mice, which may account for the distributed Caspr expression (elongated Caspr-positive domains) in the CNS of *ngr1* ^−/−^ mice (Fig. [3E--H](#Fig3){ref-type="fig"}).

Caspr is expressed in the mammalian CNS in its native and cleaved form^[@CR27]^. So far, γ-secretase^[@CR28]^ and Reelin^[@CR29]^ have been shown to be associated with the cleavage of Caspr. Therefore, we analysed the activity of these enzymes by identifying their substrates and products within the CNS of naïve *ngr1* ^+/+^ and *ngr1* ^−/−^ mice. First, we analysed the expression level of β-amyloid precursor protein (βAPP), since γ-secretase is well-known for its role in amyloid-β (Aβ) generation through the cleavage of βAPP^[@CR30]^. We demonstrated that the levels of full-length βAPP were not different between the naïve LSSC of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice, possibly excluding the involvement of γ-secretase in the observed increase of Caspr cleavage occurring in the *ngr1* ^−/−^ spinal cord (Fig. [4H and I](#Fig4){ref-type="fig"}). It has been suggested that Reelin can act as a serine-protease, cleaving fibronectin or laminin at several sites^[@CR31]^. As Caspr contains four laminin-G-like domains, Reelin-mediated cleavage of Caspr has been suggested. Indeed, Reelin was shown to cleave Caspr thereby generating the 45--50 kDa truncated product at the laminin-G-like domains with an intermediate degradation product at \~100 kDa^[@CR29]^. Moreover, it was recently demonstrated that the cellular prion protein, PrP^C^ can interact with Caspr to inhibit this cleavage event^[@CR29]^. Therefore, we investigated the expression of these molecules localised to myelin and axons and found that the interaction between Caspr and PrP^C^ is considerably reduced in *ngr1* ^−/−^ compared with *ngr1* ^+/+^ LSSC, although no differences were observed in the levels of full-length or the active proteolytic form of Reelin (140 kDa)^[@CR31]^ (Fig. [4A--G](#Fig4){ref-type="fig"}), suggesting a possible increase in Caspr shedding within the CNS of *ngr1* ^−/−^ mice. Furthermore, there was a substantial reduction in the unglycosylated form of PrP^C^ in the *ngr1* ^−/−^ LSSC. Since the unglycosylated form of PrP^C^ has been reported to be enriched in myelin and myelinic PrP^C^ may participate in the maintenance of myelin against PrP-associated pathology^[@CR32],\ [@CR33]^, we posited that the reduction in the unglycosylated form of PrP^C^ may indeed have resulted from reduced myelin PrP^C^ expression in the CNS of *ngr1* ^−/−^ mice. However, we did not detect a difference in the level of PrP^C^ expression in purified myelin of *ngr1* ^−/−^ compared to *ngr1* ^+/+^ spinal cords, ruling out this possibility (Fig. [S2A, C and D](#MOESM1){ref-type="media"}). To further address the difference in PrP^C^ expression within spinal cords, we performed PrP^C^ immunostaining in longitudinal sections demonstrating descending fibre tracts (dorsal white matter; WM) and motor neuronal somata (gray matter; GM). Strikingly, PrP^C^ immunostaining showed a near absence of WM axonal PrP^C^ in spinal cords of *ngr1* ^−/−^, whereas prominent axonal PrP^C^ was abundantly found within WM of *ngr1* ^+/+^ spinal cords as well as its co-localisation with Caspr (Fig. [4J](#Fig4){ref-type="fig"}). On the other hand, we found no differences in PrP^C^ expression in motor neuronal somata in the GM of spinal cords between *ngr1* ^+/+^ and *ngr1* ^−/−^ mice, suggesting PrP^C^ protein is produced in neurons, however its localisation to white matter axons seems impaired in *ngr1* ^−/−^ mice. Furthermore, as Reelin is reported to be expressed on oligodendrocytes, we addressed the possibility of differences in Reelin levels in purified CNS myelin from *ngr1* ^−/−^ to *ngr1* ^+/+^ mice. We could not detect the 140 kDa proteolytic form of Reelin in purified myelin and there was no difference in full-length Reelin in *ngr1* ^−/−^ compared to *ngr1* ^+/+^ mice (Fig. [S2B and E](#MOESM1){ref-type="media"}). Therefore, the inference may be that the significant reduction of PrP^C^ observed in *ngr1* ^−/−^ CNS is axonal due to the impairment of its transport from the neuronal soma to its axon and may implicate this as a mechanism of unabated Reelin activity.Figure 4Reduced interaction between PrP^C^ and Caspr in *ngr1* ^−/−^ mice. (**A**--**C**) Western blot of LSSC lysates from *ngr1* ^+/+^ and *ngr1* ^−/−^ mice showed no difference in Reelin expression. (**A**) Representative immunoblots for Reelin and Actin loading control. (**B**) Densitometric quantification of full-length Reelin (FL Reelin) and (**C**) 140 kDa degradation product of Reelin and Actin respectively. (**D**) Immunoprecipitation of Caspr showed reduced interaction with PrP^C^ in LSSC from *ngr1* ^−/−^ mice. Western blot for PrP^C^ from 5% input of pre-immunoprecipitation sample showed three bands which represents the three glycosylation states of PrP^C^; di-glycosylated (di), mono-glycosylated (mono), and un-glycosylated form (un), respectively). (**E**) Densitometric quantification of total PrP^C^ and Caspr bound PrP^C^. (**F**) Densitometric quantification of di-glycosylated PrP^C^, (**G**) unglycosylated PrP^C^. (**H**) Representative immunoblots for βAPP, and Actin loading control. (**I**) Densitometric quantification of βAPP and Actin (\**P* \< 0.05, *n* = 4 for both genotypes). (**J**) Immunofluorescent images showed axonal PrP^C^ and co-localisation with Caspr within LSSC white matter (WM) of *ngr1* ^+/+^ whereas, lack of axonal PrP^C^ staining in WM was found in *ngr1* ^−/−^ mice. PrP^C^ expression in motor neuronal soma within the gray matter (GM) of LSSC was found in both genotypes. Illustration showing where the WM and GM images were taken from LSSCs are shown at the right-hand side (WM scale bars = 10 μm; GM scale bars = 50 μm). (**K**) In wild-type, paranodal junction is tightly organised by the putative interaction among glial Neurofascin 155, axonal Caspr and Contactin. Furthermore, tight interaction between Caspr and PrP^C^ inhibits Reelin-mediated Caspr cleavage, which allows for tight compaction of paranodal loops and myelin sheath. In the absence of NgR1, reduced interaction between PrP^C^ and Caspr mediates Reelin-mediated cleavage of Caspr, which leads to de-compaction of paranodal loops and myelin sheath. Furthermore, paranodal localisation of Nogo-A in *ngr1* ^−/−^ whereas broad expression of Nogo-A throughout the axo-glial unit is found in wild-type.

Despite the elevated levels of cleaved Caspr observed in the spinal cords of *ngr1* ^−/−^ mice, we did not find differences in other paranodal proteins, such as neurofascin 155 (Fig. [S3B and C](#MOESM1){ref-type="media"}). These data may indicate that the disrupted paranodal domain formation in *ngr1* ^−/−^ CNS axo-glial units maybe a result of increased Caspr cleavage. Despite this, we did not find differences in juxtaparanodal proteins, such as K~v~1.2 (Fig. [S3B and D](#MOESM1){ref-type="media"}). Moreover, we did not detect any differences in the levels of myelin proteins such as myelin basic protein (MBP), 2′, 3′-Cyclic-nucleotide 3′-phosphodiesterase (CNPase), myelin oligodendrocyte-glycoprotein (MOG), native nMAG (Fig. [S3B and E--G](#MOESM1){ref-type="media"}) or indeed Nogo-A in myelin prepared from LSSCs of *ngr1* ^−/−^ compared with *ngr1* ^+/+^ mice (Fig. [3E and H](#Fig3){ref-type="fig"}). However, the expression pattern of Nogo-A was found to be different between *ngr1* ^+/+^ and *ngr1* ^−/−^ mice LSSCs. We showed that Nogo-A was localised at the CNS paranodes in *ngr1* ^−/−^ mice, whereas it was distributed throughout the entire axonal and internodal segments including the paranodes in *ngr1* ^+/+^ spinal cord WM (Fig. [3I](#Fig3){ref-type="fig"}), which suggests that NgR1 may regulate the localisation of Nogo-A expression as observed for PrP^C^ within the axo-glial units.

To summarise our proteophenotypic findings, we propose that the absence of NgR1 may result in impairment of axonal localisation of PrP^C^ from the neuronal soma, which enhances Reelin-mediated cleavage of Caspr, thereby resulting in unstable paranodal loops and incomplete myelin formation. Lacking NgR1 is also likely to modulate the expression pattern of Nogo-A along the internodes (Fig. [4K](#Fig4){ref-type="fig"}).

Electrophysiological evidence for slowed axonal conduction velocity in the CNS of *ngr1*^−/−^ mice {#Sec6}
--------------------------------------------------------------------------------------------------

Given the substantial differences observed in the ultrastructure and biochemistry of *ngr1* ^−/−^ myelin and in particular, the axo-glial unit, we interrogated the electrophysiological profiles of naïve *ngr1* ^−/−^ mice and compared these with *ngr1* ^+/+^, by recording CAPs from spinal cord WM and the optic nerves using a modified single sucrose gap chamber for spinal cords^[@CR34]^ and suction electrodes for the optic nerves. We measured the CAP peak amplitudes and area that may be attributable to changes in numbers of conducting axons and their calibres^[@CR35],\ [@CR36]^, then calculated the CVs from peak latencies that may be attributable to changes in axon calibres and myelination^[@CR37],\ [@CR38]^ as well as to paranodal specialisations^[@CR39],\ [@CR40]^. We were able to demonstrate after measurement that a significant reduction in CV occurs in the spinal cords of *ngr1* ^−/−^ compared to *ngr1* ^+/+^ mice (Fig. [5A and B](#Fig5){ref-type="fig"}). However, the maximum amplitude of CAPs did not differ significantly between *ngr1* ^−/−^ and *ngr1* ^+/+^ spinal cord WM axons (Fig. [5A, C and D](#Fig5){ref-type="fig"}), which suggests that there is no difference in the number of CNS myelinated axons. To confirm this, we applied 4-aminopyridine (4-AP, a K~v~ blocker which has minor effects on myelinated axons in normal conditions and preferentially blocks the K~v~ in unmyelinated or injured/demyelinated axons)^[@CR41]^ before recording CAPs. We found no significant differences in the 4-AP effects on CAPs from the spinal cord WM between *ngr1* ^−/−^ and *ngr1* ^+/+^ mice (Fig. [S5A--C](#MOESM1){ref-type="media"}).Figure 5Delayed latencies of CAP recordings from the CNS of *ngr1* ^−/−^ mice. (**A**) Representative recordings of CAP series from naïve spinal cords from *ngr1* ^+/+^ and *ngr1* ^−/−^ mice as measured by sucrose gap showed delayed CV in *ngr1* ^−/−^. (**B**) CVs and (**C**) amplitudes were measured at peak maxima. (**D**) Axon recruitment profiles for the peak amplitude. (**F**) Representative recordings of CAP series from naïve optic nerves from *ngr1* ^+/+^ and *ngr1* ^−/−^ mice as measured by suction electrodes showed delayed CV in *ngr1* ^−/−^. (**F**) CVs and (**G**) amplitudes were measured at peak maxima. (**H**) Axon recruitment profiles for the peak amplitude (*n* = 6 for *ngr1* ^+/+^ and *n* = 9 for *ngr1* ^−/−^).

Since optic nerve axons in mice are all myelinated, CAP recordings of these nerves are extensively used for characterising the function of CNS myelinated axons. Optic nerve CAPs, recorded with suction electrodes, exhibited three distinct peaks, which is in line with previously published results^[@CR42],\ [@CR43]^ (Figs [5E](#Fig5){ref-type="fig"} and [S5](#MOESM1){ref-type="media"}). These three components are thought to represent fast-conducting large diameter, intermediate-conducting medium, and slow-conducting small diameter myelinated axons^[@CR44],\ [@CR45]^. Optic nerve CAPs are not always uniform in terms of their three peaks, and in fact only 9/14 optic nerves in our recordings from *ngr1* ^+/+^ mice exhibited three distinct CAPs (Figs [5E](#Fig5){ref-type="fig"} and [S5D--F](#MOESM1){ref-type="media"}). Nevertheless, comparing the *ngr1* ^−/−^ optic nerve CAPs with those in *ngr1* ^+/+^ showed that the latencies of the first and second components are significantly delayed in *ngr1* ^−/−^ mice, with accordingly slower CVs (Figs [5E,F](#Fig5){ref-type="fig"} and [S5G--L](#MOESM1){ref-type="media"}). However, the CVs from the third CAP components that represent the smallest myelinated axons, did not differ between *ngr1* ^−/−^ and *ngr1* ^+/+^ optic nerves (Fig. [5E and F](#Fig5){ref-type="fig"}). These results indicate that there exists a slower conduction in medium and large calibre retinal ganglion cell axons in *ngr1* ^−/−^ mice. We did not detect any significant change in the peak amplitudes of CAP components between *ngr1* ^−/−^ and *ngr1* ^+/+^ mice, which corroborates data obtained from the spinal cord recordings (Figs [5E, G, H](#Fig5){ref-type="fig"} and [S5G and J](#MOESM1){ref-type="media"}), given the larger axon calibres in the spinal cord (1--2 μm)^[@CR46]^ compared to optic nerves where the diameters of nearly 80% of the axons are \<0.75 μm^[@CR43]^.

Discussion {#Sec7}
==========

Here we show that NgR1 plays an active role in regulating and maintaining the axo-myelin unit within the CNS of adult mice that is commonly disrupted during EAE and MS^[@CR47]^. Moreover, we have identified that *ngr1* ^−/−^ mice exhibit incomplete formation of axo-glial units without disrupting the distribution of ion channels and, in essence, preserving axonal integrity, a phenomenon observed for other cell adhesion knockout phenotypes such as *cadm4* ^−/−^ ^[@CR48]^ and to a lesser extent *mag* ^−/−^ mice^[@CR49]^. This morphological outcome identified in the CNS of *ngr1* ^−/−^ mice may be governed through a reduced Caspr-PrP^C^ interaction, possibly leaving Reelin unopposed to cleave Caspr^[@CR29]^. Despite the enhanced cleavage of Caspr, the full-length isoform remains strongly expressed arguing for a continuous turnover of the integral paranodal protein, possibly providing further insights into the neuroplasticity-dependent role of NgR1^[@CR15]^. This physiological role of NgR1 at the axo-myelin junctions may be of substantial importance during MS progression since denuded axons potentially through the loss of paranodal integrity governs the heightened expression of NgR1, driving axonal damage.

Under physiological conditions, compact myelin is fundamental for the fast propagation of electrical signals. The dynamic paranodal ultrastructure of the axo-myelinic unit, segregates the Na~v~ at the nodes of Ranvier from the clustered K~v~ at the juxtaparanode. However, in animal models of various inherited and acquired disorders, disruption in the integrity of myelin may slow the axonal conduction or can result in conduction block amongst affected fascicles (for review see ref. [@CR47]). Moreover, in chronic hypomyelinated or demyelinated states the distribution of these ion channels along the denuded axolemma may potentiate axonal damage^[@CR50],\ [@CR51]^. To provide the compartmentalisation of clustered ion channels, paranodal myelin consists of several key adhesion proteins that establish and maintain these electrophysiologically-active domains. Chief among these is Caspr, whose expression we found to be maintained within the CNS of *ngr1* ^−/−^ mice along with preserved axonal integrity. These data may suggest that NgR1 plays an active role in axo-glial dynamics, previously attributed to regenerating growth cones^[@CR5]^.

Mechanistic insight in the importance of Caspr for axonal integrity has been derived from the eloquent description of its importance in the transverse bands comprising of the Caspr/contactin complex that regulates the width of the paranodal axo-glial junction gap. *cntnap1*-null mice^[@CR4]^, or indeed *cntn1*-nulls^[@CR52]^, display severe neurological deficits with profound axonal dystrophy throughout the CNS. However, in the *shaking* or *shiverer* (*mbp* mutant) models of dysmyelination, the transverse bands are to a large degree intact^[@CR53],\ [@CR54]^, with reduced neurological severity and axonopathy. Intriguingly, these myelin mutants display Na~v~ segregation from K~v~ ^[@CR51],\ [@CR55]^ that resemble the lack of lateral redistribution that is observed in our *ngr1* ^−/−^ mice. Moreover, the recently reported human homozygous frame-shift mutation of *cntnap1* has identified significant reduction in CV congruent with elongated nodes of Ranvier and hypomyelinated nerve fibres^[@CR56]^, highlighting the importance of Caspr in maintaining myelinated axonal function. However, during CNS inflammation, *ngr1* ^−/−^ mice maintain axonal levels of full-length Caspr possibly due to the developmentally imposed continued expression as a consequence of unabated Reelin activity. A plausible hypothesis for this physiological compensatory mechanism of Caspr in axons may be the continued turnover of myelin in the *ngr1* ^−/−^ mice, although this would require further determination.

Despite this, it has been previously established that Reelin-mediated shedding from the neuronal plasma membrane is inhibited by PrP^c^ thereby modulating neurite outgrowth potential^[@CR29]^, a physiological attribute of NgR1^[@CR5]^. The mechanism by which Caspr regulates neurite outgrowth inhibition is somewhat unclear although it was touted that PrP^c^ can directly bind Caspr limiting its shedding from the neuronal membrane by the serine protease activity of Reelin^[@CR29]^. This molecular mechanism of neurite outgrowth inhibition was ratified following the observations that *cntnap1* ^−/−^ cerebellar neurons were longer than wild type neurons and this effect was emulated in *prnp* ^−/−^ (PrP^C^) neurons. Of course, one potential caveat to this observation is that these are isolated cerebellar neurons whose axons are not myelinated and so physiological axo-myelinic units have not been established in these assays. However, these investigators did go on to show that increased Caspr proteolysis (in *prnp* ^−/−^ mice) correlates with increased locomotor recovery following spinal cord injury, again a compensatory response germane to *ngr1* ^−/−^ mice following either injury or inflammatory challenge^[@CR9],\ [@CR57]^.

Regardless of the regenerative role documented for *prnp* ^−/−^ mice following spinal cord injury, it was recently reported that EAE-induction of these mice may exacerbate the disease with a more severe axonopathy exhibited^[@CR58]^. Although at first counterintuitive to the argument of limited Caspr shedding from the neuronal plasma membrane maintaining axonal integrity under neuroinflammatory conditions, our finding that deletion of the *ngr1* allele preserved axons can be explained by the continued presence of PrP^c^ in CNS neurons but altered localisation and distribution of PrP^c^. Indeed, neuronal PrP^c^ was observed more closely localised to the neuronal somata than dispersed through to the axolemma and axo-myelinic junctions in the *ngr1* ^−/−^ when compared with *ngr1* ^+/+^ mice.

Our current findings have defined a novel role for NgR1, by virtue of an indirect regulation for axo-glial unit formation, established through the modulation of axonal expression of PrP^C^ and leading to an unabated Reelin-mediated Caspr cleavage. Reelin-mediated Caspr cleavage may in turn result in continual turnover of myelin supported by our observation of thinner myelin within the CNS of *ngr1* ^−/−^ mice. To ascertain the role of NgR1 in myelin turnover and potentially remyelination, experiments inducing demyelination without axonal pathology such as lysolecithin-induced demyelination may be required. Indeed, as a recent report suggested for an active role of NgR1-signalling in myelin repair during white matter stroke, abrogating NgR1-signlaing may be a viable option for regenerative medicine in other CNS inflammatory diseases such as MS.

Methods {#Sec8}
=======

Animals {#Sec9}
-------

All experiments were conducted according to the Alfred medical research and education precinct (AMREP), Monash University and University of Toronto guidelines for animal experiments. *ngr1* ^−/−^ ^[@CR59]^ and *ngr1* ^+/+^ mice on a C57Bl/6 background were bred and maintained at the AMREP animal facility. All animal experiment protocols were performed in accordance with and approved by the Monash University Animal Ethics Committee (AEC\# MARP/2011/128 and AEC \#E/1532/2015/M) and University Health Network Animal Care Committee (AUP\# 2578). All animal experiments were in accordance with the National Health and Medical Research Committee (NHMRC) of Australia guidelines and regulations that is governed by the Australian Code for the care and use of animals for scientific purposes 2013 and complies with the Victorian Cruelty to Animals Act 1986. For experiments, age-matched (P120-140) and sex-matched (female) *ngr1* ^+/+^ and *ngr1* ^−/−^ mice were utilised.

Electron microscopy {#Sec10}
-------------------

*ngr1* ^+/+^ and *ngr1* ^−/−^ mice were deeply anesthetised with CO~2~ and perfused with PBS followed by 2.5% glutaraldehyde and 4% paraformaldehyde. The optic nerves, lumbar and sacral (lumbosacral) and thoracic and cervical spinal cord were dissected and post-fixed in 2.5% glutaraldehyde and 4% paraformaldehyde for 24 hours at 4 °C. Tissues were then washed in 0.1 M cacodylate buffer and contrasted with 1% osmium tetroxide in 0.2 M cacodylate buffer for 2 hours at room temperature. Tissues were then washed in 0.1 M cacodylate buffer and dehydrated in a sequential ethanol gradient from 50--100% and embedded longitudinally or transversely in Epon. Prior to sectioning, all embedded tissue was coded and stored by a different investigator listed in the authorship and the senior investigator. The subsequent analysis was thereby performed blinded to exclude bias. Semi-thin sections (0.9 μm) were then prepared and stained with toluidine-blue and analysed with an Olympus dotslide BX51 microscope with 20x objective lens (Olympus). From toluidine-blue stained longitudinal sections of both lumbosacral and thoracic-cervical spinal cord, internodal lengths and axonal diameters were measured (at least 500 axons were measured from each mouse, *n* = 8 for both *ngr1* ^+/+^ and *ngr1* ^−/−^). Ultra-thin sections (100 nm) were cut and stained with 1% aqueous uranyl acetate. Stained sections were analysed either under 20,000x magnification on a transmission electron microscope (Hitachi H-7500) for *g* ratio calculation or 50,000x magnification for paranodal ultrastructure, and all images were captured with a Gatan digital camera (model 791). Axonal diameters (between the range of 0.25 to 6 μm) and the *g* ratio from transverse sections were determined as previously described^[@CR60]^. At least 300 axons were measured from each section. Paranodal and nodal ratios were measured by calculating the ratio of paranodal or nodal length over axonal diameter from longitudinal sections (at least 100 paranodes/nodes were measured from each mouse; *n* = 8 for both *ngr1* ^+/+^ and *ngr1* ^−/−^). Distance between neighbouring neurofilaments were measured from high magnification images from lumbosacral spinal cords (at least 100 axons were measured from each mouse; n = 8 for both *ngr1* ^+/+^ and *ngr1* ^−/−^). All measurements were performed manually using ImageJ (Fiji) software.

Immunohistochemistry {#Sec11}
--------------------

*ngr1* ^+/+^ and *ngr1* ^−/−^ mice were deeply anesthetised with CO~2~ and perfused with PBS followed by 4% paraformaldehyde. The spinal cords were dissected and post-fixed in 4% paraformaldehyde (in 0.1 M phosphate buffer) for 24 hours at 4 °C. Samples were then cryoprotected in 30% sucrose for 24 hours at 4 °C. Samples were then embedded in O.C.T. medium (Tissue-Tek) and frozen in isopentane cooled on dry ice. Longitudinal sections were cut at 10 μm on a cryostat (Leica Microsystems) and mounted on microscope slides. Sections were then post-fixed for 7 minutes with cold methanol (−20 °C) and washed with PBS. Sections were then blocked and permeabilised in 10% normal goat serum and 0.3% Triton X-100 in PBS for 1 hour at room temperature. Primary antibodies diluted in blocking buffer (5% normal goat serum and 0.1% Triton X-100) were applied on tissue sections for 24 hours at 4 °C. Secondary antibodies diluted in blocking buffer were applied on tissue sections for 1 hour at room temperature. Sections were counterstained with Fluoromyelin Red (Invitrogen) for 1 hour at room temperature, and then mounted with fluorescent mounting medium (Dako). Images were taken using a Nikon A1 Eclipse confocal microscope with ×60 oil immersion objective (NA = 1.4). The captured multichannel images were separated into individual channels by ImageJ (Fiji) and assembled and formatted using Adobe Photoshop.

Following primary antibodies were used: Rabbit anti-Caspr (Cat. ab34151, Abcam, 1:1,000); Mouse anti-Caspr (Cat. ab105571, abcam, 1:1,000); Mouse anti-Kv1.2 (Cat. ab98970, Abcam, 1:1,000); Rabbit anti-Nogo-A (Cat. Ab5888, Millipore, 1:200); Mouse anti-PrP^C^ clone 6D11 (Cat. SIG-399810, BioLegend, 1:500); Mouse anti-MBP (Cat. NE1018, Millipore, 1:1,000). Following secondary antibodies were used: Goat anti-mouse IgG (H + L) Alexa Fluor 546 conjugate (Cat. A-11030, Life Technologies, 1:500); Goat anti-mouse IgG (H + L) Alexa Fluor 647 conjugate (Cat. A-21235, Life Technologies, 1:500); Goat anti-rabbit IgG (H + L) Alexa Fluor 488 conjugate (Cat. A-11008, Life Technologies, 1:500); Goat anti-rabbit IgG (H + L) Alexa Fluor 555 conjugate (Cat. A-21428, Life Technologies, 1:500).

Quantification of the paranodal and nodal length (width) and axon diameter by Caspr and pan Na~v~ immunostaining {#Sec12}
----------------------------------------------------------------------------------------------------------------

Fluorescent images captured of paranodal/nodal domains from frozen sections were measured manually using Imaris software (Bitplane) based on the distance of Caspr and pan Na~v~ (pNa~v~) labelling throughout the dorso-lateral white matter tracts of either thoracic-cervical or lumbo-sacral spinal cords. At least 300 Caspr-positive paranodes and pNa~v~-positive nodes were measured from each of the *ngr1* ^+/+^ and *ngr1* ^−/−^ mice.

Fluorescence intensity measurement along axo-glial junctions {#Sec13}
------------------------------------------------------------

Fluorescence intensity distribution of Nogo-A and Caspr along axo-glial junction (paranodes) were measured manually using Imaris software (Bitplane) from fluorescence images of paranodal/nodal domains from frozen sections of lumbo-sacral spinal cords of the *ngr1* ^+/+^ and *ngr1* ^−/−^ mice. At least 300 Caspr- and Nogo-A-positive axo-glia junctions were measured from each genotype.

Myelin preparation {#Sec14}
------------------

Myelin from naïve and EAE (peak) lumbosacral spinal cords of *ngr1* ^+/+^ and naïve *ngr1* ^−/−^ mice were purified according to published protocol^[@CR61],\ [@CR62]^. Briefly, tissues homogenised in 0.32 M sucrose were layered over 0.85 M sucrose (sucrose gradient). These were then ultracentrifuged overnight at 4 °C at 100,000 × g. The myelin interphase was collected with pasteur pipette and washed with ice-cold 20 mM Tris-HCl. Diluted myelin was ultracentrifuged for 1 hour at 100,000 × g to pellet. Crude pellets were then re-suspended in ice-cold 20 mM Tris-HCl and incubated on ice for 10 minutes. Tissues were then re-homogenised and centrifuged for 20 minutes at 12,000 × g (osmotic shock). Pellets were collected and subjected to another two rounds of sucrose gradients and osmotic shocks. Purified myelin was collected and their protein concentrations were measured by BCA colorimetric assay (Thermo-Fischer Scientific).

Western blot {#Sec15}
------------

Protein lysates were prepared from the lumbosacral spinal cords of *ngr1* ^+/+^ and *ngr1* ^−/−^ mice by snap-freezing tissues in liquid nitrogen. Tissue samples were then homogenised in 1X RIPA buffer (Cell Signaling Technologies) with protease (Calbiochem) and phosphatase inhibitors (Calbiochem). The resulting homogenate was then centrifuged at 13,000 rpm for 20 minutes, then the supernatant was collected and protein concentrations were determined using the by BCA colorimetric assay (Thermo-Fischer Scientific).

Either 10 μg (for silver staining), or 5 μg (for immunoblot) of purified myelin or total LSSC lysates were loaded and run on 4--12% Bis-Tris gel (Invitrogen) or 8--20% Tris-Acetate gels (Invitrogen; for Reelin). Silver staining was performed according to manufacturer's protocol (Bio-Rad). For immunoblot analysis, protein-loaded gels were electrophoretically transferred onto PVDF membranes (Millipore). The membranes were blocked in 5% skim milk in Tris-based saline with 0.1% Tween-20 (TBST) and the primary antibodies diluted in blocking buffer were added and incubated overnight at 4 °C. After thoroughly washing the membranes with TBST, secondary antibodies were added and incubated for 2 hours at room temperature. Immunoreactive proteins were detected using the ECL Prime chemiluminescence kit (GE healthcare). Following primary antibodies were used: Rabbit anti-Caspr (Cat. ab34151, Abcam, 1:20,000); Rabbit anti-Neurofascin 155 (Cat. 15035, Cell Signaling Technology, 1:5,000); Mouse anti-MBP (Cat. ab62631, Abcam, 1:5,000); Mouse anti-CNPase (Cat. MAB3236R, Millipore, 1:5,000); Sheep anti-Nogo-A (Cat. AF3515, R&D systems, 1:2,000); Mouse anti-MOG (Cat. 2116701, Millipore, 1:20,000); Mouse anti-MAG (Cat. MAB1567, Millipore, 1:5,000) Mouse anti-PrP^C^ clone 6D11 (Cat. SIG-399810, BioLegend, 1:1.000); Mouse anti-Reelin (Cat. MAB5366, Millipore, 1:2,000); Mouse anti-βAPP clone 3E9 (Cat. MA1--25489, Thermo-Scientific, 1:1,000); Mouse anti-Actin clone C4 (Cat. MAB1501, Millipore, 1:40,000). Following secondary antibodies were used: HRP conjugated Goat anti-mouse IgG (H + L) (Cat. AB308P, Millipore, 1:20,000); HRP conjugated Goat anti-rabbit IgG (H + L) (Cat. AB307P, Millipore, 1:20,000); HRP conjugated Donkey anti-sheep IgG (H + L) (Cat. HAF016, R&D systems, 1:20,000). The optical density was measured by ImageJ and normalised against anti-Actin immunoreactive loading control bands.

Electrophysiology {#Sec16}
-----------------

Animals were deeply anaesthetised by sodium pentobarbital (60 mg/kg, i.p.) and underwent trans-cardiac infusion with cold and 95% O~2~/5% CO~2~ saturated high sucrose-modified artificial cerebrospinal fluid (ACSF) containing: sucrose 210 mM; NaHCO~3~ 26 mM; KCl 2.5 mM; CaCl~2~ 1 mM; MgCl~2~ 4 mM; NaH~2~PO~4~ 1.25 mM; D-glucose 10 mM.

### Spinal cord recordings {#Sec17}

The spine from upper cervical to sacral levels was rapidly cut out and placed in ice-cold (4 °C) oxygenated (95% O~2~ + 5% CO~2~) high sucrose-modified ACSF. A laminectomy was performed to expose the whole length of spinal cord. The spinal cord was dissected and the spinal roots and all meninges were removed using microscissors. The spinal cord was then incubated in ACSF containing: NaCl 125 mM; NaHCO~3~ 26 mM; KCl 2.5 mM; CaCl~2~ 2 mM; MgSO~4~ 1.3 mM; NaH~2~PO~4~ 1.25 mM; D-glucose 10 mM at room temperature with 95% O~2~ + 5% CO~2~ for at least 1.5 hours before recording. The upper lumbar segment of spinal cord was placed in the central recording compartment of the recording apparatus, and CAPs were recorded using a modified single sucrose gap chamber as previously described^[@CR34]^. All solutions used for perfusion were oxygenated by 95% O~2~ + 5% CO~2~ and preheated to 30\~32 °C. Electrical pulse stimuli were applied through a PSIU6 photoelectric stimulus isolation unit connected to an S88 stimulator (Grass Instrument Co., USA). The recording electrodes were connected to the headstage of Axoprobe 1 A amplifier (Axon Instruments). The signals were amplified 100 × in DC mode (10 × by Axoprobe 1 A and then 10 × by a custom-made DC preamplifier), processed using Digidata 1322 A, stored on PC and analysed using pClamp software (versions 8.0 and 10, Molecular Devices, USA). The active conduction distance (length of the central compartment of the recording apparatus perfused with oxygenated ACSF) was 7 mm in all experiments and the temperature was 30--32 °C.

### Optic nerve recordings {#Sec18}

the optic nerves were transected behind the eyes within the orbits and the brain with optic nerves attached was quickly removed to ice-cold oxygenated high sucrose-modified ACSF. The optic nerves were removed by transection at the optic chiasm and incubated in ACSF at room temperature for at least 1 hour. The optic nerves were transferred to the recording chamber that was constantly perfused with oxygenated standard ACSF at 36 ± 1 °C. Suction electrodes, attached to the ends of optic nerve for stimulation and recordings, similar to earlier publications by others^[@CR35],\ [@CR43],\ [@CR63]^, were utilised. The distance between the "mouths" of stimulating and recording suction electrodes was measured from photographs taken through the stereomicroscope and used for calculation of conduction velocities of CAP peaks using their latencies. Stimulus-response relationships were taken using 0.05 ms rectangular current pulses ranging from 0 mA to 150 mA with 10 mA increments, and from 100 mA to 1500 mA with 100 mA increments. The 0--150 mA range was often sufficient for achieving a maximal amplitude of the two first peaks of CAPs, while the third, slower conducting peak often required the 100 mA to 1500 mA range. Stimuli were applied via the PSIU6 stimulus isolation units of Grass S88X dual-channel stimulator (Grass Technologies). The recorded signals were amplified and processed using MultiClamp 700B amplifier, DigiData1440 interface and pClamp10 software (all from Molecular devices, USA). The recorded signals were stored on PC computer and analysed offline using pClamp10 software.

Statistics {#Sec19}
----------

Data were analysed using Graph Pad Prism v6.0e. Data represented as mean ± SEM. A two-tailed Student's t-test was used followed by a *Bonferroni post-hoc* analysis to determine statistical significance unless otherwise specified.
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